A thorough investigation of the mode of action of Aspergillus niger (4M-147) pectin lyase A (PLA) on differently C 6 -substituted oligogalacturonides is described. PLA appeared to be very specific for fully methyl-esterified oligogalacturonides: removal of the methyl-ester or changing the type of ester (ethyl esterification) or transamidation resulted in (almost) complete loss of conversion. The PLA activity increased with increasing length of the substrate up to a degree of polymerization (DP) of 8 indicating the presence of at least eight subsites on the enzyme. Product analysis demonstrated the formation of several ⌬4,5 unsaturated products and their saturated counterparts. The ⌬4,5 unsaturated trimer was the main product up to DP 8. For DP 9 and 10 ⌬4,5 unsaturated tetramer was the major product. Based upon the bond cleavage frequencies, a provisional subsite map was calculated, which supports the presence of eight subsites. By limited alkaline de-esterification of fully methyl-esterified pentamer and hexamer two sets of partially methyl-esterified pentamers (x and y methyl groups) and hexamers (a and b methyl groups) were prepared. Matrix-assisted laser desorption/ionization time of flight mass spectroscopy (MALDI-TOF MS) analysis demonstrated that the methyl-ester distribution was fully random. Using these partially methyl-esterified oligogalacturonides as substrates for PLA a 10-fold decrease in reaction rate was recorded compared with the fully methyl-esterified counterparts. Analysis of the methyl-ester distribution of the products showed that PLA tolerates carboxyl groups in the substrate binding cleft. At either subsite ؉2, ؉4, or ؊1 to ؊4 a free carboxyl group could be tolerated, whereas methyl-esters were obligatory at subsite ؉1 and ؉3. So PLA is capable to cleave the bond between a methyl-esterified and a nonesterified galacturonic acid residue, where the newly formed ⌬4,5 unsaturated non-reducing end residue always contains a methyl-ester.
Pectin is found in the middle lamella of the primary cell wall of practically all higher plant tissues (1, 2) . It is composed of a homogalacturonan backbone (smooth region) interrupted by heavily branched regions of rhamnogalacturonan (hairy region). Homogalacturonan consists of ␣-134-linked D-galacturonic acid (GalpA) 1 residues, which can be methyl-esterified (1) (2) (3) (4) .
Both pectin lyase (EC 4.2.2.10) and pectate lyase (EC 4.2.2.2) are able to depolymerize the smooth region of pectin by ␤-elimination resulting in the formation of a ⌬4,5 unsaturated bond at the newly formed non-reducing end. Although pectate lyase cleaves between two ␣-1,4-D-GalpA residues and pectin lyase cleaves between two methyl-esterified ␣-1,4-D-GalpA residues, this distinction on substrate specificity is not strict. Pectate lyase is generally active on pectin with a moderate degree of methyl esterification (DM) (0 -50%), whereas pectin lyase activity often increases with increasing DM. The only discriminating property is that pectate lyases characterized to date need Ca 2ϩ ions for their activity (5) . So far pectin lyases have been isolated and identified mostly in fungi, like Neurospora, Botrytis, penicillia, and aspergilli. They are all endo-acting enzymes and have been classified together with the majority of pectate lyases within family 1 of the polysaccharide lyases (6) . Three three-dimensional structures have been solved, two structures of pectin lyase A (PLA) (7) and one from pectin lyase B (PLB) (8) , all from Aspergillus niger. They all have the same topology: the enzymes consist of a right-handed parallel ␤-helix (7, 8) . To date, no three-dimensional structures in complex with substrate are available. Only for pectate lyase has a three-dimensional structure in complex with a (GalpA) 5 been solved (9, 10) , which has been used to model a (6-O-CH 3 -GalpA) 4 into the three-dimensional structure of PLB (10) .
As mentioned above the activity of PLA depends on the DM of the substrate. However, a polymeric substrate with an average DM is a very heterogeneous substrate in which the distribution of the methyl-esters determines the activity of pectin lyases (11) . The absence or presence of methyl esterification plays a crucial role in substrate recognition by PLA. We have therefore embarked on a detailed investigation into the structural requirements/chemical nature of substituents at the carboxylic function for substrate recognition. For this purpose oligogalacturonides (oligoGalpA) with defined degree of polymerization (DP) were purified and derivatized at the C 6 positions (Fig. 1) . Thus, oligoGalpA (Fig. 1A) were fully methyl-esterified (Fig. 1B) or ethyl-esterified (Fig. 1C) (12) . Subsequently, partially methyl-esterified oligoGalpA were prepared using limited alkaline de-esterification. In addition, amidated oli-goGalpA using either ammonia (Fig. 1D) or methylamine (Fig.  1E) were made (13) . Here we report the activity of PLA on the various substrates and the mode of action on those substrates where significant activity was observed carried out by newly developed techniques like high performance anion-exchange chromatography (HPAEC) and mass spectrometry (14, 15) .
EXPERIMENTAL PROCEDURES
Materials-Polygalacturonic acid was purchased from ICN. 70% DM apple pectin was a kind gift of Obipectin (Bischofszell, Switzerland). 93% DM apple pectin was prepared by acidic methanol incubation as described before (16) . Mono-and digalacturonic acid were from Sigma. Pectin lyase and polygalacturonase 1 for oligoGalpA production were a gift (NOVO Nordisk A/S, Bagsvaerd, Denmark). Pectin lyase A (Aspergillus niger strain 4 M-147) was purified as described by Limberg et al. (17) . H ϩ -Dowex 50W X8 50 -100 mesh was acquired from Fluka. H ϩ -Dowex AG 50W X8 100 -200 mesh (biotechnological grade) was from Bio-Rad and used for the preparation of ammonium-loaded Dowex (18). 2,4,6-Trihydroxy acetophenone was bought from Acros chimica. Pure nitrocellulose membrane was purchased from Bio-Rad.
Preparation of Oligogalacturonides-Saturated oligoGalpA (DP 3-10) were purified from a polygalacturonase 1 digest of polygalacturonic acid. ⌬4,5 Unsaturated oligoGalpA were purified from a saponified pectin lyase digest of a 1% (w/v) 70% DM pectin solution. The oligoGalpA were separated on a source Q column and isolated as described before (12, 15) . The purity of the oligoGalpA (DP2-10) was determined using HPAEC, pH 12, equipped with PAD detection (12) and found to be in the range of 90 -99% based on area percentages.
Esterification of the (un)saturated oligoGalpA (DP3-10) was performed with acidic methanol (12) . Partially methyl-esterified oligoGalpA were prepared by carefully controlled de-esterification through stepwise addition of 0.1 N sodium hydroxide at 4°C.
Amidated saturated oligoGalpA were prepared from methyl-esterified oligoGalpA using either ammonia or methylamine as described before (13) . A degree of methyl amidation of 95 was reached using methylamine, whereas saturated oligoGalpA could be amidated up to a degree of 60 using ammonia.
Enzyme Incubations-Pectin lyase A activity was determined spectrophotometrically at 235 nm using 93% DM pectin (⑀ 235 nm ϭ 5500 M Ϫ1 cm Ϫ1 ) (19) in McIlvaine buffer (0.1 M citrate, 0.2 M phosphate buffer, pH 6) or 50 mM sodium acetate buffer, pH 6. All (derivatized) oligoGalpA were tested at 1 mM final concentration in McIlvaine buffer, pH 6. After preincubation at 30°C the reactions were started with an appropriate amount of enzyme.
Alternatively, PLA incubations were performed in acetate buffer because McIlvaine buffer interferes in the HPAEC analysis of the reaction products. A typical reaction mixture (250 l) contained 2 mM (derivatized) oligoGalpA in 10 mM sodium acetate, pH 6, buffer. After pre-incubation at 30°C the reaction was started through the addition of an appropriate amount of enzyme. Samples (40 or 50 l) were taken at different time intervals (0 -8 h maximum). To stop the reaction 8 l (or 10 l) of 1 M acetic acid or H ϩ -Dowex were added to lower the pH value. Samples were frozen until analyzed by HPAEC (acetate stopped reactions) and occasionally by MALDI-TOF MS (H ϩ -Dowex stopped reactions). Prolonged PLA incubations with partially methyl-esterified oligoGalpA were stopped by separation of the enzyme from the substrate and products by vivaspin concentrators (Vivascience; polyethersulfone membrane, 5 kDa cuttof).
HPAEC Analysis-HPAEC at pH 12 was performed as described before (20) . Samples were separated on a CarboPac PA-1 column preceded by a CarboPac PA-1 guard-column. A 40-min linear gradient of 0.2-0.7 M sodium acetate in 0.1 N sodium hydroxide at a flow rate of 1 ml/min was used, followed by a 5-min gradient to 1 M sodium acetate. After 5 min of washing with 1 M sodium acetate in 0.1 N sodium hydroxide the column was equilibrated in 15 min with 0.3 M sodium acetate in 0.1 N NaOH. Due to the high pH (12.7) all methyl-esters were removed and a separation of individual (⌬4,5 unsaturated) oligoGalpA was achieved. ⌬4,5 Unsaturated oligoGalpA were selectively detected with UV detection at 235 nm (UV1000, Thermo Separation Products), whereas both saturated and ⌬4,5 unsaturated oligoGalpA were detected using a pulsed amperometric detector (Electrochemical Detector ED40, Dionex, Sunnyvale, CA). Pure saturated oligoGalpA (DP1-7) and ⌬4,5 unsaturated oligoGalpA (DP2-7) were used as standards for external calibration of the system.
Sample Preparation for Mass Spectrometry-In general one desalting step of the sample using H ϩ -Dowex AG 50W X8 was sufficient for good MS analysis. Whenever the salt concentration appeared too high an additional treatment with NH 4 ϩ -loaded Dowex AG 50W X8 prepared as described was carried out (18) . Subsequently, the samples were freeze-dried and dissolved in water. For determination of the distribution/location of methyl-esters, freeze-dried samples were labeled at the reducing end by dissolving in 18 O-water containing 0,5% formic acid. After 48 -72 h of incubation at room temperature the acid-catalyzed exchange was more than 90% complete and samples were ready for analysis (14) .
Mass Spectrometry-MALDI-TOF MS was performed as described before (13). 2,4,6,-Trihydroxy acetophenone/nitrocellulose was used as a matrix (18) . As soon as the matrix was applied (0.2 l) to the sample plate it formed a thin layer. On top of this layer a 0.2-l sample was applied (containing 2-8 mol of oligogalacturonides). After application the sample plate was dried under a stream of air. Whenever appropriate, an extra 0.2 l of 10 mM NaCl was added to the sample to improve ionization in the positive mode. The samples were analyzed with the Voyager DE TM -RP MALDI-TOF MS (Perseptive Biosystems Inc., Framingham, MA) as described before (13) .
Electrospray ionization (ESI)-MS was performed on 18 O-labeled samples to determine the position of the methyl-esters. Dynamic nanospray was performed on a LC-Q Ion-trap (Finnigan MAT 95, San Jose, CA) equipped with a nano-source. Sample ran through a transferring capillary (100-m internal diameter) and a spraying capillary (20-m internal diameter) at a flow rate of 0.1 l/min. MS analysis was carried out in the positive mode using a spray voltage of 3 kV and a capillary temperature of 190°C. The capillary voltage was set at 85 V, and the tube lens voltage at 40 V. MS 2 and higher were performed on 18 Olabeled compounds or 18 O-labeled fragments thereof using a window of 1.5-2 m/z and a 40-45% relative collision energy. The apparatus and the data were controlled by Xcalibur software. The accuracy of the mass determinations is Ϯ 0.3 Da. Prior to analysis on the LCQ Ion-trap 18 O-labeled samples were diluted with water to a concentration of 0.1-0.2 mg/ml, and an appropriate amount of sodium acetate, pH 6, was added to improve ionization in the positive mode.
RESULTS
The mode of action of pectin lyase is influenced by the identity of the carboxyl function of the galacturonic acid residues present in the homogalacturonan backbone. In nature, this carboxyl group can either be free or methyl-esterified (Fig. 1, A and B, respectively). To determine the specificity of pectin lyase in more detail oligoGalpA were purified and derivatized as described before (11, 12) (Fig. 1) .
Pectin lyase A (strain 4 M-147) was purified to homogeneity as described before (17) . Spectrophotometric analysis demonstrated that PLA activity in McIlvaine buffer, pH 6, appeared to be 32 units/mg using highly esterified pectin (0.1% (w/v); DM 93) as a substrate, whereas the activity was only 8.9 units/mg in 50 mM acetate buffer, pH 6. This difference in activity can be attributed to a difference in ionic strength as has been demonstrated before for PLB (21) and will be corroborated hereafter.
PLA Mode of Action on Fully Methyl-esterified OligoGalpA-PLA degradation of fully methyl-esterified saturated oligoGalpA (DP 3-10) was monitored on HPAEC using pulsed amperometric detection (PAD) and UV detection. A typical set of time-dependent elution patterns of fully esterified pentamer digested by PLA is presented in Fig. 2 . The PAD elution profiles (A) clearly demonstrate a gradual decrease of the pentamer in time, with a simultaneous increase of saturated monomer and dimer and ⌬4,5 unsaturated trimer and tetramer. The elution profiles of the ⌬4,5 unsaturated oligogalacturonides are specifically detected by UV (B) and show an increase in predominantly the ⌬4,5 unsaturated trimer and minor amounts of the ⌬4,5 unsaturated tetramer and dimer. Using these profiles the amounts of saturated oligoGalpA (PAD) and ⌬4,5 unsaturated oligoGalpA (UV detection) produced, were calculated resulting in progression profiles as shown in Fig. 2C for (6-O-CH 3 -GalpA) 5 degradation. (6-O-CH 3 -GalpA) 3 appeared to be resistant for PLA digestion under the conditions used. For none of the methyl-esterified oligoGalpA used complete degradation was observed. Up to 25% conversion, linear kinetics were observed, which were used to calculate the reaction rate and the bond cleavage frequency (BCF). For (6-O-CH 3 -GalpA) 9 and (6-O-CH 3 -GalpA) 10 secondary attack was significant.
The BCFs and reaction rates are listed in Table I . The specific activities as calculated from PAD or UV agree very well and increased with increasing DP up to a DP of 10. Generally the activity will increase with increasing substrate length for each additional subsite filled until all subsites are occupied. This suggests that PLA contains at least eight subsites. The BCFs clearly indicate a preference for the production of ⌬4,5 unsaturated trimer. In general the preference for this bond decreases with increasing DP and for DP 9 and 10 shifts toward formation of ⌬4,5 unsaturated tetramer. ⌬4,5 Unsaturated monomer is never produced, whereas ⌬4,5 unsaturated dimer is produced from the tetramer but decreases with increasing DP.
Fully methyl-esterified ⌬4,5 unsaturated oligoGalpA (DP 3-7) were also used as a substrate for PLA. Progression profiles were made (not shown), and initial activities were determined (Table II) . Bond cleavage frequencies could not be determined because no difference could be made between the old and newly formed non-reducing end. Specific activities on methyl-esterified ⌬4,5 unsaturated oligoGalpA were in the same order of magnitude as the methyl-esterified saturated oligoGalpA.
Subsite Mapping-Based upon the BCFs, a provisional subsite map was constructed for PLA according to the method outlined by Thoma et al. (22) . The difference in binding affinity, ⌬⌬G, for a particular pair of productive binding modes of an oligoGalpA (e.g. (GalpA) 6 ), the pair of non-common sites can be calculated according to Equation 1 ,
where i and i ϩ 1 correspond to the position occupied by the reducing end residue, m and m ϩ 1 are products of length m and m ϩ 1, respectively, and [P] is the amount of the product. The ⌬⌬G was calculated for each pair of binding modes (Table  III) . Subsequently, subsite ϩ4 was used as a reference site and set at ⌬G ϭ 0, which allows the construction of a relative subsite map (Table III) . The subsite affinities for subsite ϩ3, ϩ5, ϩ6, and ϩ7 are the average values of at least three pairs of binding modes. The subsite affinities of subsite ϩ4 to ϩ7 and Ϫ6 to Ϫ7 all have a similar low value, suggesting that these are imaginary subsites. The average of these subsite affinities (Ϫ0.02) was used to correct the ⌬G values of the subsites and provide the provisionary subsite map on an absolute scale. From Table III it can be seen that PLA contains eight subsites covering subsites Ϫ5 to ϩ3. Subsite ϩ3 has the highest binding affinity, followed by subsites Ϫ2 and Ϫ4. Subsites Ϫ5 and Ϫ3 have the lowest affinities. No value could be calculated for subsite ϩ2 to Ϫ1 because these subsites need to be occupied to have a productive enzyme substrate complex. Effect of the Carboxyl Substituent on the PLA Activity-The influence of the carboxyl substituent was investigated (Table  II) . Removal of the methyl-esters (Fig. 1A) resulted in a complete loss of PLA activity. Replacement of a methyl-ester for an ethyl-ester resulted in a complete loss of activity for the tetramer and pentamer, whereas only 1% activity remained on the hexamer, indicating that the length of the ester is restricted to a methyl group (Fig. 1C) . Introduction of an amide or methyl-amide group (Fig. 1, D and E) resulted in a complete loss of PLA activity as well. All these data were confirmed by TABLE I Bond cleavage frequencies and rate of ␤-elimination on fully methyl-esterified saturated oligogalacturonides Bond cleavage frequencies are calculated from the ⌬4,5 unsaturated products detected by UV, whereas reaction rates were determined using the ⌬4,5 unsaturated products detected by UV or the corresponding saturated oligogalacturonides detected by PAD. The reducing end is indicated with boldface typescript (G). 4 4.5 3.7 14 (6-O-C 2 H 5 -GalpA) 4 0 0 -(6-NH 2 -GalpA) 4 0 0 0 (6-N-CH 3 -GalpA) 4 0 0 0 ⌬4,5-(6-O-CH 3 -GalpA) 4 3.6 --(GalpA) 5 0 0 0 (6-O-CH 3 -GalpA) 5 71 60 129 (6-O-C 2 H 5 -GalpA) 5 0 0 -(6-NH 2 -GalpA) 5 0 0 0 (6-N-CH 3 -GalpA) 5 0 0 -⌬4,5-(6-O-CH 3 -GalpA) 5 60 --(GalpA) 6 0 0 0 (6-O-CH 3 -GalpA) 6 538 543 1112 (6-O-C 2 H 5 -GalpA) 6 3 --(6-NH 2 -GalpA) 6 0 0 0 (6-N-CH 3 -GalpA) 6 0 0 0 ⌬4,5-(6-O-CH 3 -GalpA) 6 492 --(GalpA) 7 0 0 0 (6-O-CH 3 -GalpA) 7 2821 3343 9783 (6-NH 2 -GalpA) 7 0 0 0 (6-N-CH 3 -GalpA) 7 0 0 0 (GalpA) 8 0 0 0 (6-O-CH 3 -GalpA) 8 9115 8900 29209 (6-NH 2 -GalpA) 8 0 0 0 (GalpA) 9 0 0 0 (6-O-CH 3 -GalpA) 9 9546 10587 42005 the spectrophotometric UV assay. Only the methyl-esterified oligoGalpA resulted in activities, which were higher due to the higher ionic strength of McIlvaine buffer used in the spectrophotometric assay (21) . So the enzyme has a high preference for the methyl-ester.
PLA Mode of Action on Partly Methyl-esterified
OligoGalpA-Because pectin has a variable degree of methyl esterification and is never fully methyl-esterified, the effect of the degree of methyl esterification on PLA activity was investigated. Partly methyl-esterified (GalpA) 5 and (GalpA) 6 were prepared by controlled alkaline de-esterification of the fully methyl-esterified equivalent. The DM was determined using MALDI-TOF MS as described before (13) . The DM was lowered to 80 and 74 for the pentamer and to 86 and 79 for the hexamer, respectively (Table IV) , which corresponds to 1-1.3 free carboxyl groups per molecule on average. As a consequence the oligoGalpA with one free carboxyl group was the main component, but the fully esterified oligoGalpA as well as those with two and three free carboxyl groups were present in this mixture (Fig. 3A) . To determine the position of the free carboxyl groups both partly methyl-esterified (GalpA) 5 and (GalpA) 6 were 18 Olabeled at the reducing end and subjected to dynamic nanospray ESI-MS n . The spectra revealed that almost every isomer of (GalpA) 5 (not shown) and (GalpA) 6 (Fig. 3B ) with one free carboxyl group was present in the mixture. Several of the (GalpA) 5 and (GalpA) 6 with two free carboxyl groups were identified as well. For some isomers definite assignment, in addition to one or two methyl groups, could only be assigned to two or three adjacent GalpA residues. From this we conclude that de-esterification using sodium hydroxide proceeds in a random manner. Both de-esterified (GalpA) 5 (DM 80) and (GalpA) 6 (DM 86) were incubated with different amounts of PLA: a low amount to monitor the reaction in time and a high amount to determine the end point situation. Analysis on HPAEC was performed to determine the influence of the DM on the activity and BCF (Table IV) . The presence of 1 free carboxyl group lowered the initial rates by a factor 10 for partly methylesterified (GalpA) 6 , whereas for partly methyl-esterified (GalpA) 5 no activity could be determined due to a too-low rate. For fully methyl-esterified penta-and hexamer the BCFs at early stages in the reaction appeared the same as after 24 h of incubation. However for the partially de-esterified counterparts (80 and 86 DM, respectively) a strong increase in ⌬4,5 unsaturated (GalpA) 2 formation was recorded toward the end of incubation. Furthermore, compared with the fully esterified oligomers, at the initial stages of the reaction a preference for the formation of ⌬4,5 unsaturated (GalpA) 4 was observed. When the DM was further lowered (74 and 79 DM, respectively) the BCFs were different again, and it turned out that of ␤-elimination on saturated oligogalacturonides Bond cleavage frequencies were based on the ⌬4,5 unsaturated products detected by UV, whereas reaction rates were determined using the ⌬4,5 unsaturated products detected by UV or the corresponding saturated oligogalacturonides detected by PAD. The reducing end is indicated with boldface typescript (G). n.d., not determined due to low activity, which precluded accurate quantification.
a End point incubation, no activity determined. b 24-h incubation, substrate only partly degraded, no activity determined. 
only a minor fraction of the substrates was converted. The BCF as determined from alkaline HPAEC analysis only reveals the ratio of the products formed but does not give insight into the number and position of methyl-esters present on the products. Therefore, PLA-digested (GalpA) 5 (DM 74) and (GalpA) 6 (DM 79) were analyzed by MALDI-TOF MS as well (not shown). The spectra allowed for determination of the relation of for example ⌬4,5 unsaturated (GalpA) 3 containing either 1, 2 or 3 methyl-esters. For the determination of the positions of the methyl-esters the above samples were 18 Olabeled at the reducing end and subjected to dynamic nanospray ESI-MS n . The ⌬4,5 unsaturated products could be elucidated as shown for (GalpA) 6 (DM 79) and appeared to be very specific (Fig. 4A) as for each product found in the MALDI-TOF mass spectrum only one isomer was found. All ⌬4,5 unsaturated products contain a methyl-ester on the non-reducing end. If one free carboxyl group was present in an ⌬4,5 unsaturated product it was always located on the second residue counting from the non-reducing end. The second free carboxyl group was predominantly located at the reducing end. The relative amounts of the ⌬4,5 unsaturated products could be determined using the BCF and the calculated ratio based on the MALDI-TOF mass spectrum. Using (GalpA) 6 (DM 79) as a substrate results in the production of ⌬4,5 unsaturated (GalpA) 3 and (GalpA) 4 with one free carboxyl group as major products. PLAdigestion of (GalpA) 5 (DM 74) results in the same ⌬4,5 unsaturated products only in another ratio. Structural analysis of the saturated products revealed a totally different picture (Fig.  4B) . Not one specific isomer could be determined. It seems that every residue in the products could either be methyl-esterified or free of methyl esterification. Also the reducing end residue, which is located at subsite Ϫ1 during catalysis shows this feature. The relative amounts of the saturated products were calculated according to the method outlined above. The fully methyl-esterified dimer and trimer were the major products, followed by the dimer and trimer containing one free carboxyl group. DISCUSSION A thorough analysis of the mode of action of PLA from A. niger on differently C 6 -substituted oligogalacturonides is described. PLA appeared to be very specific for fully methylesterified oligogalacturonides. PLA activities determined by HPAEC as well as spectrophotometrically both indicated the presence of at least eight subsites in the substrate-binding cleft of PLA of A. niger. Based upon the bond cleavage frequencies a provisional subsite map was calculated revealing the subsite affinities for each of the individual subsites. No affinities could be calculated for subsite Ϫ1 to ϩ2, because all productive enzyme substrate complexes cover these subsites. The subsite affinity for subsites ϩ3 and Ϫ2 to Ϫ5 and the imaginary character of subsites beyond Ϫ5 and ϩ3 are in perfect agreement with the number estimated from the reaction rates. The high binding energy for subsite ϩ3 fits nicely with the predominant product, ⌬4,5 unsaturated trimer. Comparison of the subsite affinities with those calculated for other enzymes, like polygalacturonases (23) and amylase (22) , reveal similar values indicating that the values are in the same range.
Until now these subsites have unfortunately not been corroborated by a three-dimensional structure of PLA in complex with a substrate or an inhibitor. However, a fully methylesterified tetramer has been modeled into the structure of PLB (10) covering subsite Ϫ1 to ϩ3 (Fig. 5) . Because PLA is highly homologous to PLB (65% AA sequence identity) (24), a direct comparison to this model seems justified.
According to this model subsites Ϫ1, ϩ1, and ϩ3 form hydrophobic pockets, which bind the methyl-esters very specifically, whereas subsite ϩ2 does not have such a hydrophobic pocket. The catalytic residue arginine 236 is located between subsite Ϫ1 and ϩ1 and specifically interacts with the residue located at subsite ϩ1. Our results demonstrate that PLA shows the highest activity when all subsites are occupied with a methyl-esterified residue. As soon as another substrate is provided the enzyme shows severely reduced activity (ethyl-ester) or no activity at all ((methyl)-amide or carboxylic acid). The ethyl-ester might be too big to fit accurately in the hydrophobic pockets. Removal of the methyl-esters generates a highly negatively charged substrate. Because a negative electrostatic potential surrounds the substrate-binding cleft, such a substrate would probably be repelled (7) . The hydrophobic amidated oligoGalpA would not be repelled and should be able to enter the substrate-binding cleft. However, no products were detected using these substrates. So apparently no productive enzymesubstrate complex is formed, and these compounds could well serve as an inhibitor, although this has not been demonstrated yet. Partly methyl-esterified (GalpA) 5 and (GalpA) 6 (DM 74 -86) still could function as a substrate, even though the rate was 10 times lower for (GalpA) 6 and even lower for (GalpA) 5 . Even after 24 h of incubation fully methyl-esterified oligoGalpA was still present. From this it can tentatively be concluded that unproductive enzyme-substrate complexes are formed, which reduce the overall activity enormously. Product analysis revealed that the structure of the partly methyl-esterified ⌬4,5 unsaturated products is very specific. In all cases the ⌬4,5 unsaturated residue was methyl-esterified, proving that the residue at subsite ϩ1 has to be methyl-esterified to form a productive enzyme-substrate complex. More than 50% of the ⌬4,5 unsaturated products contained a GalpA residue adjacent to the ⌬4,5 unsaturated residue, which demonstrates that subsite ϩ2 tolerates a carboxyl group readily. This tolerance is in accordance with the model (Fig. 5) because this is the only subsite lacking a hydrophobic pocket. The next subsite (ϩ3) was always occupied with a methyl-esterified GalpA residue. According to the model, this subsite also contains a hydrophobic pocket in which the methyl-ester would fit nicely. Structural analysis of the saturated products, corresponding to the negative subsites, demonstrated the presence of almost any isomer. Each of the negative subsites showed tolerance for a carboxyl group. So even the hydrophobic pocket at subsite Ϫ1, adjacent to the scissile bond, can tolerate a carboxyl group as was indicated before by Körner et al. (14) . Summarizing, it is clear that the binding at the positive subsites has to be very specific to result in a productive enzyme-substrate complex, whereas this binding specificity is much less for the negative subsites. This means that partially esterified (GalpA) 5 or (GalpA) 6 could bind easily to the negative subsites (Ϫ1 to Ϫ5) without covering the cleaving site, thus forming a non-productive enzyme-substrate complex. As a consequence the overall reaction rate diminishes.
The mode of action of PLA on pectins is reflected best by its action on partly methyl-esterified oligoGalpA. Therefore, the activity on low DM pectin will be reduced strongly by the presence of unesterified GalpA residues compared with high DM pectin. However, the distribution of the methyl-esters, random versus blockwise, is very important as well, which was already demonstrated by Voragen (11) . Pectin lyase activity on blockwise de-esterified pectins and random de-esterified pectins with varying DM were compared. For all pectins the same V max values were found, but the K m values increased with decreasing DM. This increase was much stronger for the random de-esterified pectins compared with the blockwise de-esterified pectins. Blocks of methyl-esters will still function as a good substrate for pectin lyase, but because the amount of "real" substrate is decreased activity will go down. When the methyl-esters are randomly distributed, the effect of unesterified GalpA residues is stronger as a stretch of ideal substrate is hardly available. As a consequence, activity will be reduced more than it will be using the same low DM pectin with blockwise methyl-ester distribution. 
